Externally imposed loading has substantially different effects on the swelling of nematic elastomers in the high-temperature isotropic and low-temperature nematic states. In the isotropic state, the stretching drives a considerably large degree of further swelling, whereas the stretching-induced volume change in the nematic state is significantly suppressed. In the isotropic phase that favors the less anisotropic state, the further swelling occurs to reduce the shape anisotropy caused by the imposed elongation. In the nematic phase, no significant swelling is induced because further swelling decreases the nematic order enhanced by the applied stretching. These different loading effects in the isotropic and nematic states observed in the experiments are qualitatively described by a mean field theory.
I. INTRODUCTION
Liquid crystal elastomers ͑LCEs͒-first envisaged by de Gennes 1 -exhibit many interesting properties owing to their cross characters of liquid crystals and elastomers. [2] [3] [4] [5] The physical properties of LCEs have been extensively investigated since the synthesis of monodomain LCEs having a global director ͑macroscopic orientation͒ was reported. 6 A unique characteristic of LCEs is the strong coupling of molecular orientational order and macroscopic shape. One of the most familiar phenomena stemming from this coupling is the spontaneous elongation or compression in response to temperature variations that cause a change in orientational order of mesogens. Such thermally induced deformation in the neat state was studied by many researchers. 2 We showed for the polydomain LCEs without global director that the volume ͑the degree of swelling͒ is discontinuously reduced by isotropic-to-nematic transition ͑nematic ordering͒ when they are allowed to swell in solvents. 7 The subsequent study 8 on the monodomain LCEs swollen in solvents revealed that the shape as well as the volume is strongly coupled to the orientational order: The nematic ordering induces a volume reduction together with an elongation along the director. If the solvent has nematicity, the nematic order of the surrounding solvent also influences the swelling. [9] [10] [11] [12] These swelling behaviors are governed by the orientational orders of the constituent LCs, and they are described by a mean field theory. [13] [14] [15] [16] The characteristic swelling dynamics was also revealed by the temperature-jump experiments. 17, 18 In the present paper, we investigate the effect of uniaxial loading on the swelling of nematic elastomers. For isotropic elastomers, the imposition of external forces ͑strains͒ on the fully swollen elastomers considerably changes the free energy, and it causes shrinkage or further swelling depending on the type of imposed fields. Such field-induced swelling ͑shrinking͒ phenomena for isotropic elastomers have been investigated under uniaxial [19] [20] [21] [22] [23] and biaxial 24 strains, solvent flow, 25 ultracentrifugal force, 26 and oscillating force. 27 The thermodynamics and kinetics of the field-induced swelling were well established for isotropic gels. In the case of stretching loading, the induced further swelling was observed for several isotropic gels. 19, 20, 27 The loading effect on the swelling of nematic elastomers is expected to differ significantly from that of isotropic elastomers, because the loading strongly affects the orientational order governing the swelling. Wang and Warner theoretically pointed out a considerable effect of loading on the phase diagrams for LCEs in nematic solvents. 14 Matsuyama and Kato also theoretically showed a pronounced effect of magnetic fields on the anisotropic swelling of LCEs. 15 Weiss and Finkelmann 28 experimentally examined how the uniaxial elongation imposed on the lyotropic LC networks affects the subsequent anisotropic swelling, but their scope is substantially different from the present issue. They elongated the unswollen or "not fully swollen" elastomers with polydomain structures, and investigated how the monodomain structure formed by the subsequent swelling was influenced by the imposed strain. In the present case, the LCEs before elogation originally have the monodomain alignment and they are in the fully swollen state. The imposed loading affects the degree of orientational order in the monodomain structure. To our knowledge, there is no corresponding experimental study. This experiment provides an important basis to understand the external-field effect on the phase diagrams of LCEs in solvents. We compare the loading effect on the reswelling of nematic elastomers in the high-temperature isotropic and lowtemperature nematic states. This comparison clearly reveals the difference in the loading effect from the nematic and isotropic elastomers. We also describe the loading effect on the basis of a mean field theory, and compare the experimental results with the theoretical prediction.
II. THEORY FOR SWELLING OF NEMATIC ELASTOMERS UNDER CONSTANT LOADS
In this section, we describe the mean field theory for the swelling of nematic elastomers in isotropic ͑nonmesomor-phic͒ solvents under constant loads imposed along the original nematic director. The present theory is developed from the model for the free swelling in isotropic solvents without external loading. 8, 13, 15 The contribution of external loading to free energy is considered in the same way as that for nematic solvent systems.
14 For simplicity, the theory does not consider explicitly the interactions specific to side chain nematic networks such as the dangling mesogen-backbone polymer interaction and the effect of totally nonmesomorphic backbone on solubility. These interactions are reflected in the N-I transition temperature and/or the Flory-Huggins mixing interaction parameter. The orientational order parameters for the chain backbone ͑S B ͒ and the dangling mesogen ͑S͒ differ in general, but they can be connected through a proportional constant. 2 The simple relation S B = S is assumed here. The experimental phase diagrams for the solutions of un-crosslinked side chain nematic polymers are successfully explained by a mean field approach along the same treatments. 29, 30 We consider the nematic elastomer where each network chain contains mesogenic and nonmesomorphic monomers. The number of the segments ͑sites͒ on a single network chain ͑n͒ is given by n = ͑n m + n s ͒t, where t is the number of the repeating units, n m and n s are the numbers of sites occupied by the mesogenic and nonmesogenic monomers, respectively. The degree of swelling, Q, in an isotropic solvent with the axial ratio of unity is defined as the ratio of the elastomer volumes in the swollen and preparation states,
where , b 3 , N g , and N s are the volume fraction of elastomer, the volume of a unit segment, and the numbers of the network chains and the solvent molecules inside the gel, respectively. The preparation state is denoted as the superscript 0, and taken as the dry state ͑ 0 =1͒ for simplicity. The anisotropic swelling of nematic elastomers with uniaxial orientation is characterized by the principal ratios L and T along ͑L͒ and normal ͑T͒ to the director,
where L = T = 1 in the preparation state. The change of the total free energy density ⌬F is customarily expressed as a sum of those of the free energy densities stemming from elasticity of nematic elastomer, isotropic mixing of elastomer with solvent, nematic ordering of mesogenic molecules, and external uniaxial stress ͑desig-nated as F el , F mix , F nem , and F ext , respectively͒,
The elastic energy ⌬F el for nematic elastomers was derived by Warner et al. 2, 31 as
where k B and T are the Boltzmann constant and absolute temperature, respectively, and S is the orientational order parameter of the chain backbone. Equation ͑4͒ is for nematic elastomers formed in the isotropic phase ͑S 0 =0͒. As pointed out in Ref. 2 , however, within the framework of the theory, the important characteristics such as spontaneous shape variations are unaffected by whether the elastomers are formed in the isotropic ͑S 0 =0͒ or nematic phase ͑S 0 0͒. To avoid the complexity, we employ the expression of ⌬F el with S 0 = 0. The form of ⌬F el with S 0 0 is given in our previous paper. 8 The form of ⌬F mix is written on the basis of the FloryHuggins theory 32 as
where is the Flory-Huggins parameter representing the mixing interaction between the elastomer network and the isotropic solvent, and the entropic contribution of the elastomer is zero because of the infinite molecular weight. According to the Maier-Saupe theory 33, 34 ⌬F nem is given by
where is the Maier-Saupe interaction parameter between the mesogens proportional to reciprocal temperature, and m is the volume fraction of mesogen given by m = n m / ͑n m + n s ͒ = ͑1− p͒, with the spacer fraction p = n s / ͑n m + n s ͒. The orientation distribution function ͑͒ is related to S as
where is the angle between the chain backbone and the director, ⍀ is the solid angle, and P 2 ͑x͒ = ͑3x 2 −1͒ / 2 is the second Legendre polynomial. The function ͑͒ is given by
where is a dimensionless parameter characterizing the strength of the nematic field, and Z = ͐exp͉P 2 ͑cos ͉͒d⍀ is the partition function to normalize ͑͒.
The term ⌬F ext originating from the imposed uniaxial force f is written as
where ⌬l L is the displacement measured from the preparation state, and is the nominal stress, i.e., the force per cross section in the reference ͑preparation͒ state.
The equilibrium relation between L and is obtained by the minimumization of ⌬F with respect to L as * ϵ
͑10͒
The expression of in terms of S and is obtained by minimizing ⌬F with respect to ͑͒ as
where
The swelling is equilibrated by the balance of the chemical potentials of the solvents inside and outside the gel ͑des-ignated as and o , respectively͒,
The condition for equilibrium swelling is obtained from Eq.
The equilibrium values of L . , and S as functions of T and * are obtained as the solutions satisfying Eqs. ͑7͒, ͑10͒, and ͑14͒ simultaneously.
III. THEORETICAL RESULTS
Figures 1͑a͒ and 1͑b͒ show the theoretical Q-T and -T curves under various stresses, respectively. Figure 1͑c͒ illustrates the corresponding T dependence of S. The temperature in the figure is reduced by the transition temperature T NI 0 in the case of * =0 ͑free swelling͒. The employed large value of / ͑=10 4 ͒ corresponds to the case of good solvents. The elastomers without loading are highly swollen in the hightemperature isotropic state ͑S =0͒, whereas they are shrunken in the low-temperature nematic state ͑S Ͼ 0͒. Even in the case of * = 0, the swelling in the nematic state is anisotropic ͑ L Ͼ T ͒. Figure 1 indicates the two major features of the loading effect on swelling: ͑i͒ the loading shifts T NI to higher temperatures as a result of the stabilization of the orientational order, and the shift increases with loading: ͑ii͒ the loading induces further swelling in the isotropic state whereas it has no appreciable effect on the volume in the nematic state.
The following osmotic Poisson's ratio ͑ os ͒ is a useful parameter to estimate the degree of stress-induced swelling: 
144908-3
Swelling of nematic elastomers J. Chem. Phys. 127, 144908 ͑2007͒
where ʈ and ʈ are the true strain and principal ratio along the director in the loaded state measured from the swollen state before loading, Ќ and Ќ are the corresponding quantities normal to the director ͑ ʈ = Ќ = 1 in the unloaded and swollen state͒. Figure 2 illustrates the relations between ʈ , Ќ , L , and T , and they are written as ʈ = L / L,0 and Ќ = T / T,0 , where the subscript 0 denotes the swollen and relaxed state. The value of os is a direct measure of the stretching-induced volume change ͑⌬V os ͒: os =1/2 when ⌬V os =0; os becomes less than 1 / 2 when ⌬V os Ͼ 0; and os Ͼ 1 / 2 in the case of ⌬V os Ͻ 0. Figure 3 displays the theoretical T dependence of ʈ , Ќ , and os for the same conditions as in Figure 1 . Both and os primarily depend on whether the state of interest is isotropic or nematic, almost independently of T within each phase excepting the vicinity of T NI . In the isotropic state, os ͑Ϸ0.3͒ is definitely smaller than 1 / 2 as a result of induced swelling. The value of os for isotropic gels in the good solvent limit was derived by several theories, 19, 35, 36 and it ranges from 1 / 6 to 1 / 4. In the present theory, os in the isotropic state considerably depends on and n, and it approaches 1 / 4 when the values of / and n are sufficiently high. In contrast, os in the nematic state is close to or slightly larger than 1 / 2, and the value is insensitive to the theoretical parameters such as / and n m . The theory expects that the stretching induces no volume change or a slight shrinkage in the nematic state. In the framework of the present theory, each value of os in the isotropic or nematic state is independent of * .
IV. EXPERIMENTS A. Sample preparation
A film specimen of side chain LCE was prepared by the method described in Ref. 11 . The mesogenic monomer, solvent, cross-linker, and initiator for photopolymerization were the same as those employed in the previous study. The crosslinker concentration was 10 mol % in the feed. After the cross-linking reaction, the LCE film was allowed to swell in dichloromethane to wash out the unreacted materials. The dried rectangular sample strips of 50 mm in length and 2 mm in width with a thickness of 50 m was employed as the specimen. Di-n-amylphthalate was used as the solvent for swelling experiments.
B. Measurements
The experimental setup is schematically shown in Fig. 4 . The loading on the swollen sample was imposed by suspending a weight of known mass from the end of the sample strip. The loading direction was parallel to the initial director. The swelling temperature was controlled by temperaturecontrolled circulating water with a custom-built double jacket bath. The swelling process was recorded by a charge coupled device camera, and the sample dimensions ͑d͒ were 
The degree of swelling ͑Q͒, i.e., the ratio of the volume in the swollen state ͑V͒ to that in the dry and isotropic state ͑V dry ͒, was evaluated as
͒. The swelling in the unloaded state was achieved by lowering sufficiently the sample position so that the pendant weight could lie on the bottom of the bath. After the swelling was equilibrated in the unloaded state, the loads were imposed by raising the sample position so that the weights could be pending apart from the bath bottom. The nematicisotropic transition temperature ͑T NI ͒ in the loaded state was estimated by the observation using the crossed polarizers. In the measurements of T NI , the temperature near T NI was carefully stepwise reduced from the isotropic state after confirming the swelling equilibration at each temperature. The stress-induced swelling experiments under various loadings were carried out at the two temperatures, i.e., 53.7 and 44.9°C, in the isotropic and nematic states. Figure 5 shows the shift of the transition temperature ͑T NI − T NI 0 ͒ as a function of imposed stress ϱ,1 where ϱ,1 is the true stress, i.e., the force per cross section in the swollen and loaded state at 55°C ͓=T NI 0 + 8°C, where T NI 0 ͑47°C͒ is the transition temperature in the swollen state without loading͔. The transition temperature increases with loading along the director as a result of the stabilization of the nematic state. This trend is the same as the theoretical prediction in Fig. 2 . The similar loading effects on T NI were also observed in the neat state of LCEs. Figure 6 illustrates the equilibrium strain ʈϱ as a function of imposed stress in the isotropic and nematic states. The stress in the figure is the force per cross section in the loaded state. The data points at the largest stress seem to deviate from the linear relation owing to the nonlinear effect. There is no appreciable difference in the initial Young's modulus ͑approximately 200 kPa͒ between the isotropic and nematic states. Several studies reported that the corresponding difference in the neat LCEs was also small, and it was less than 15% within the temperature range of T NI −10°C Ͻ T Ͻ T NI +10°C. 37, 38 As the first approximation for isotropic elastomers, the swelling changes the modulus by a factor of Q −1/3 . 39 The swelling effect on the modulus in the present study is small because the ratio of Q in the isotropic and nematic states is as large as 2. Figure 7 displays the time ͑t͒ dependencies of the principal ratios ͑ ʈ and Ќ ͒ and volume ͑Q͒ after the imposition of the stress at t = 0. Before loading, the isotropic elastomer at 53.7°C ͑=T NI + 4.2°C͒ is in the swollen state, while the nematic elastome at 44.9°C ͑=T NI − 4.6°C͒ is in the shrunken state, which can be seen in Fig. 7͑c͒ . The stress imposition results in the instantaneous uniaxial stretching along the director at t = 0: approximately 26% elongation in the loading direction and approximately 10% shrinkage in its normal directions under this loading. This instantaneous deformation corresponds to the uniaxial stretching of incompressible elastomers ͑ =1/2͒, as described later. At long times, both principal ratios gradually increase with time in the isotropic state, while ʈ slowly increases but with no appreciable change in Ќ in the nematic state. It should be emphasized that these shape variations in the long time region are due to neither of the viscoelastic creep effect nor plastic flow, because the time scale of the phenomena is explained by the diffusion of polymer networks as mentioned later, and the shape recovers the original state after unloading in the similar time scale. Figure 7͑c͒ shows the corresponding change in volume. The degree of swelling Q in the loaded state is given by Q = Q 0 ʈ Ќ 2 . The magnitude of the stress-induced swelling ͉͑Q − Q 0 ͒ / Q 0 ͉ in the isotropic state ͑approximately 0.11͒ is definitely larger than that in the nematic state ͑approximately 0.02͒. The results in Fig. 7 shows that the loading induces a finite further swelling but the induced swelling significantly differ in the degree and anisotropy between the isotropic and nematic states.
V. EXPERIMENTAL RESULTS AND DISCUSSION
The osmotic Poisson's ratio os defined by Eq. ͑16͒ is a convenient parameter to characterize the induced swelling. Figure 8 illustrates the time dependence of os under various loads in the nematic and isotropic states. At short times at t Ϸ 0, os is close to 0.5, i.e., the materials behave as incompressible materials such as conventional elastomers. The equilibrium values of os in the long time limit slightly depends on the imposed load, but they primarily depend on whether the state of interest is isotropic or nematic. In the isotropic state, the equilibrium values of os are approximately 0.25 as a result of the pronounced stress-induced swelling. These equilibrium values are similar to those 22, 27 reported for the isotropic gels swollen in good solvents as well as the theoretical value in Fig. 3 . The equilibrium values of os in the nematic state lie around 0.45, close to 1 / 2 and definitely larger than those in the isotropic state. This is a direct consequence of no considerable induced swelling in the nematic state. The different reswelling behaviors observed are schematically illustrated in Fig. 10 .
The theory predicts os in the nematic state to be approximately 0.5 as a result of almost no loading effect on swelling at the temperatures of T / T NI 0 Ͻ 0.99 ͑Fig. 3͒. The theoretical values of os are slightly larger from those in the experiments at the temperature of T / T NI 0 Ϸ 0.98, but the theory qualitatively describes the difference in the stressinduced swelling behaviors in the isotropic and nematic states. The present model should be further improved for the quantitative description, especially for the behavior in the isotropic state. If the prediction is fitted to the swelling data ͑Q Ϸ 1.7͒ in the isotropic state, the corresponding theoretical os ͑Ͼ0.4͒ disagrees with the data. Conversely, the condition of os =1/4 leads to the markedly high swelling in the isotropic state ͑Q Ͼ 30͒. These are mainly due to the oversimplification of the mixing interaction parameter for the networks composed of rigid and flexible units. The introduction FIG. 7 . The time dependence of the principal ratios ͑a͒ along and ͑b͒ normal to the director; ͑c͒ the degree of swelling after imposing the constant load in the isotropic and nematic states. The imposed constant load corresponds to = 53.6 and 63.6 kPa ͑the force per cross section in the steady state͒ in the isotropic and nematic states, respectively. of several mixing interaction parameters for each component/solvent and the different components improves the quality of the fitting but the most essential feature in this phenomenon, i.e., the role of nematic order in stress-induced swelling, becomes obscure by the complexity. The theory also overestimates the shape anisotropy ͑ ʈ / Ќ ͒ in the nematic state, which was observed in the previous study. 8 This results from the overestimation of S from the Maier-Saupe approach. More quantitative theoretical description will be developed on the basis of the present model.
The different reswelling behaviors in the isotropic and nematic states can be qualitatively understood by considering which the system favors, the isotropic or oriented state: In the high-temperature isotropic state, the further swelling occurs in order to reduce the shape anisotropy that is caused by imposed elongation. In the low-temperature nematic state, the loading stabilizes the nematic state because of a further growth of orientational order. The swelling that acts to decrease the orientational order is not thermodynamically favored in the nematic state. For instance, in the previous study on the free-swelling of nematic elastomers in isotropic solvents. 8 the degree of swelling remains almost unchanged when the temperature is reduced, i.e., the nematic order increases. However, if the solvent also has the nematicity, the loading effect may be substantially different from that in the isotropic solvent systems. The nematic orders of the solvents inside and outside LCEs also play an important role in anisotropic swelling as observed in the free swelling. 9, 11 The loading effect in the nematic solvent systems is an interesting issue for future study. Figure 9 displays the semilog plots of ⌬ ʈ ͑t͒ versus time in the isotropic and nematic states where ⌬ ʈ ͑t͒ = ʈϱ − ʈ ͑t͒ and ʈϱ is the equilibrium value of ʈ . As the data points appear to fall on the straight line passing through the origin, the kinetics is approximated by a single exponential relaxation. From the inverse of the slope, the characteristic time ͑͒ is estimated to be 1.1ϫ 10 2 and 9.1ϫ 10 2 s in the nematic and isotropic states, respectively. The diffusion constant ͑D͒ is approximately evaluated to be 3.0ϫ 10 −12 and 3.1 ϫ 10 −12 m 2 / s in the nematic and isotropic states, respectively, from D Ϸ d ϱ 2 / , where d ϱ is the equilibrium thickness of the elastomer film. In the present specimen having the thickness less than 10% of other dimensions, the thickness is the effective dimension governing the diffusion of networks. The values of D in the nematic and isotropic states are comparable, and they are in the same order of the reported values of D for the isotropic gels. 19, 40 The latter confirms that these shape variations result from the swelling process, not from the viscoelastic creep effect.
VI. CONCLUSIONS
The effects of externally imposed loading on the swelling of nematic elastomers are significantly different in the high-temperature isotropic and low-temperature nematic states. In the isotropic state, the stretching induces a further swelling, which is similar to conventional isotropic elastomers. In contrast, in the nematic state, the stretching-driven volume change is significantly suppressed. In terms of osmotic Poisson's ratio ͑ os ͒. os Ϸ 0.30 in the isotropic state and os Ϸ 0.45 in the nematic state. The different reswelling behaviors under stretching in the isotropic and nematic states are qualitatively described by a mean field theory. In the isotropic state, the system thermodynamically favors the less anisotropic state, and the further swelling acts to decrease the shape anisotropy that arises from imposed loading. In the nematic state, the loading stabilizes the nematic phase as a result of an increase in nematic order, and it does not lead to further swelling that reduces the orientational order.
